ABSTRACT DC bias was observed in transformers of the ac system surrounding Jiuquan-Hunan ±800 ultrahigh voltage direct current (UHVDC) transmission lines in China, which were operating in the simulation of the unipolar-earth ground mode. Applying conventional dc bias protection methods in this case that showed certain disadvantages including large time and calculation resource demand, this paper proposed to use an RC combined method to control the dc bias in this ac system. By determining appropriate capacities of resistor and capacitor based on the requirement of insulation and zero sequence current, it is able to stabilize a system under a single-phase ground fault with a dc suppression device installed in the neutral point. In addition, after analyzing the regularity of the dc distribution in the ac system with different substation connections, we also proposed an implementation strategy of dc suppression in power grid. The protection method was further tested in a numerical dc power grid model and verified by field experiments. The result showed that in the most serious case of the model system, when a current of 5000 A flows into the ground, the dc level of the neutral point of substation under protection by the proposed method is well controlled. This indicates that the proposed method is applicable to the dc bias protection of the dc-ac system operating at the highest voltage ever worked.
I. INTRODUCTION
DC bias describes the phenomenon caused by direct current flows into transformers [1] , [2] . In Mar. 2017, when JiuquanHunan ±800 kV UHVDC (Ultra-High Voltage Direct Current) transmission lines (JH800) in China was simulating operation under unipolar-earth ground mode with non-full power, serious DC bias was induced in transformers of nearby AC systems connected to the UHVDC lines [3] , [4] . Therefore, to enable the UHVDC system to operate with full power while ensuring the security of the whole power grid, a suitable DC protection strategy is essential.
Recent research of DC bias protection mainly focused on two aspects, namely 1) suppression methods of DC bias and 2) implementation strategies of DC suppression in power grid [5] - [11] . For, DC bias suppression methods, resistor method (RM), capacitor method (CM) and current
The associate editor coordinating the review of this manuscript and approving it for publication was Snehal Gawande. injection method (CJM) are the common types to restrain the direct current in neutral points of transformers [12] , while new design of transformer using two-phase magnetic material was also developed to reduce bias levels [13] - [15] . Among the methods, CJM has not been widely applied in practice due to the relative lack of economy and reliability, and the development of new transformers is still in the experimental stage. While RM and CM have been applied in most occasions, how to determine the capacity of resistors or capacitors used in these methods has not been well studied. Instead, the value is usually determined based on engineering experience, which may bring instability into the power system under DC bias protection [16] .
As for the implementation strategy of DC suppression, artificial intelligence algorithms such as 'genetic algorithm' and 'particle swarm algorithm' [17] - [19] , are introduced to deal with the optimization of RM or CM used in the power grid. Nevertheless, as a result of the rather complex structure of power grids, applying these algorithms will cost a lot of time and computing resources, so normally the integral grid cannot be fully analyzed [20] - [22] . Though some researchers have proposed a step-by-step strategy that determined by DC severity in neutral point, it causes an increase in the current of the partial grids.
Therefore, we proposed a RC combined method to protect the nearby transformers of JH800 from DC bias, along with the method to determine the parameters of resistor and capacitor used in the protection. Moreover, to apply this RC combined method reasonably to the power grids, we also put forward a new strategy based on DC current distribution. Further simulations were carried out to verify the proposed methods, and the results showed that target DC bias levels could be well controlled.
II. OVERALL IDEAS OF DC BIAS PROTECTION A. DETERMINING THE PROTECTION METHOD
DC bias is caused by the direct current flows into the neutral point of transformer, so the key to solve this problem is to restrain the DC current. To achieve this goal, RM is to install a resistor device in the neutral point to reduce the amplitude of current in the whole loop of the system, while the CM has to install a capacitor, which is expected to block DC currents. However, the use of RM or CM alone may cause an abnormal increase in short circuit overvoltage and partial the direct current in partial grids Since RM and CM has their own advantages, we wondered if it is able to combine the two, and then proposed a RC combined method, along with the device capacity determination method and implementation strategy to make the RC method work.
B. DETERMINING PERMISSION DC IN NEURAL POINT
Till now, there is no widely-accepted regulation of permission current for transformers. Thus, we proposed the permission current in Jiuquan power grid according to both transformer design parameters and existing protection experience, namely 12 A and 8 A for neutral points of 750 kV and 330 kV transformers respectively. Actually, these 750 kV and 330 kV transformer systems are made of autotransformers, which means we cannot suppress the DC from the windings inside autotransformers by using CM. Fig. 1 shows the connection diagram of an autotransformer. When the capacitor device works, I g is 0, so the current detected at d1, the neutral point, is 0, too. However, I c still exists and will flow through n 1 to another transformer's windings like n 2 and form a loop, which will then induce DC bias at n 2 position that we cannot discover. Therefore, based on Kirchhoff and Magnetic flux-conservation law, we proposed to use I eff as the 'equivalent bias current' to express the current in n 1 when the capacitor works in different conditions. When the capacitor is in short circuit, DC in n 1 can be expressed as
where y md1 and y md2 are the admittance parameters at each node. When the capacitor functions, there will be
In field measurement, the number of winding turns is difficult to obtain, so it can be expressed as the rated voltage ratio of the transformer
So the formula is got
where k is the rated voltage ratio. I eff shall not exceed 4A to make the autotransformer operate normally.
III. SOLUTION OF THE KEY PROBLEMS IN RC COMBINED PROTECTION METHOD A. NCIPLE CRITERIA FOR PARAMETER VERIFICATION
Installing a resistor or capacitor to the neutral point will change the zero-sequence impedance, which may lead to an increase in zero sequence overvoltage and current, or even cause insulation breakdown and relay protection malfunction. connected to the main network, the other electrical parts of T1 and T2 connected to the two power stations can be replaced with equivalent infinite power supply S1 and S2, where L is the transmission line.
When a single-phase grounding fault occurs in f 1 , the zerosequence network of the system is shown in Fig. 3 .
In this case, the zero-sequence impedance of the system is expressed as
where, x T1 and x T2 are transformer impedance, x L is the transmission line's impedance, 3x Z is the impedance of straightening device. The neutral overvoltage of the system is expressed as
where, E is the voltage at f 1 before the short circuit occurs, Z 0 is zero sequence impedance, Z 1 is positive sequence impedance, Z 2 is negative sequence impedance, U 0 is the zero sequence voltage of the short circuit point. The zero-sequence fault current flowing through the DC suppression device is expressed as
According to the system requirements, U N should be within 85 kV, and the fluctuation of I Z amplitude should not exceed 10%.
According to equation 4-6, when a single-phase grounding short circuit occurs in the busbar f 1 of transformer T1 high voltage side, a restraining device is installed at transformer neutral point to change the zero sequence parameter of the system, but has no effect on the positive and negative sequence parameters of the system. The influence of resistance and capacitance devices on the system are acceptable. However, in order to ensure safety and reliability, the impedance value is as small as possible while satisfying the DC protection standard.
B. DETERMINING THE CAPACITIES OF RESISTOR AND CAPACITOR
Based on the setting of Fig. 2 , the 330 kV system model is built in Simulink. We suppose that the L is a 30 km transmission line of ACSR. Assuming that the neutral point potential difference between T1 and T2 is 200 V, and the single-phase fault starts at 0.1 s and lasts for 0.3 s, the zero-sequence current and neutral point overvoltage under the combined action of DC bias and short-circuit fault are simulated and analyzed. When the neutral point is not connected with the resistance, the zero-sequence current of the neutral point is shown in Fig. 4 . When the neutral line has no bias current, the zerosequence current waveform is shown in Fig. 4(a) . From the figure, the transient current peak value is −9.449 kA, the steady-state current positive peak value is 4.899 kA, and the negative peak value is −4.801 kA. The positive and negative peaks are basically equal, indicating that the positive half wave is symmetric with the negative half wave when no bias current flows in the core, and the transformer is in normal working state. When the unequal DC voltage is added to both ends of the line, the zero-sequence current waveform is as shown in Fig. 4(b) . From the figure, the transient current peak value is −9.778 kA, and the steady-state positive and negative peaks are 4.733 kA and −5.064 kA. This is due to the occurrence of DC bias current inside the core, resulting in positive and negative half-wave asymmetry. From the simulation results, it can be estimated that the DC current at this time is about 300 A, so it is necessary to install a suppressing device.
In the study of DC bias protection, a resistor of approximately 10 is typically selected to configure the protection device. But 10 is it's not an accurate value, and it is obviously not in line with the requirements of DC protection reliability. In order to determine an accurate value, further research is needed. The study found that the smaller the capacitive reactance value, the smaller the impact on the system, but the larger the volume, the higher the cost. It is considered that the capacitance of the capacitor is inversely proportional to the size of the capacitor and the current manufacturing level, and the capacitance of the capacitor used in the high voltage system is between 0.05 and 1.0
. So adding a resistor (R = 1, 2, 3, 5, 7, 10, 15 ) or a capacitor (C = 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 ) in power frequency impedance, the change of I Z and U N in neutral points is observed and used to determine the capacity of protection devices. Part of the results are shown in Table 1 . Comparing Fig. 5(a) with Fig. 4(b) , we can see that the positive and negative half-wave peaks of the zero-sequence current have changed when adding a 1 resistor. The steadystate positive peak is reduced from 4.733 kA to 4.687 kA, and the negative peak value is −4.819 kA. The absolute difference between the two is 132 A. At this point, the positive and negative half waves gradually become the same, and the bias current is reduced by nearly 60%, which indicates that adding a 1 resistor has a significant straightening effect, and the bias current can be reduced by more than a half.
However, it is worth noting that the system is connected to an external resistor, which changes the zero-sequence network parameters. This change will result in a decrease in the zero-sequence current peak. As can be seen from the figure, the transient peak value changed from −9.778 kA to −9.267 kA, a decrease of 5.2%. The steady-state peak is relatively small, with positive and negative peaks decreasing by 0.9% and 4.8%. Similarly, the variation of Fig. 5(b) can be obtained. DC suppression is better when a 5 resistor is connected. The positive and negative half waves are basically the same in steady state, the difference between the absolute values of the current peaks is only 6A, and the internal bias current of the core is reduced by more than 90% to an acceptable range. But at the same time, the zerosequence current transient peak also dropped to −8.441 kA, a decrease of 13.6%, which further deepened the impact on system protection.
After the resistor is installed, not only the influence of the line current, but the neutral point overvoltage will increase. It can be seen from the Fig. 5(b) and Fig. 5(d) when the resistance increases, the peak value of the neutral point overvoltage increases significantly. And when a 5 resistor is added, the transient peak reaches −42.14 kV. According to the simulation results of Table 1 , it can be obtained that with the increase of the access resistance value, the steadystate positive and negative peaks of the current tend to be consistent. When the resistance is 3 , a good straightening effect is achieved. When the resistance is increased to more than 5 , the change of the bias current is not obvious, and the straightening effect reaches the saturated state. At the same time, as the resistance increases, the zero-sequence current peak decreases and the overvoltage peak increases. When the 15 is connected, the zero-sequence current transient peak is reduced by 29.9%, and the steady-state peak is reduced by 10.7%. At this point, the neutral point overvoltage reaches 100.1 kV. According to the Chinese Standard Value of 85kV, the system insulation may be damaged. Therefore, after comprehensively integrating all aspects, a resistor of 2 to 3 should be chosen.
Capacitor is characterized of blocking DC, so we only need to consider if the overvoltage and zero-sequence current satisfy the system limits. Considering that the capacitor and the resistor work differently, the capacitor needs to be charged and discharged at both ends, thus increasing the simulation duration. In the simulation, the single-phase short-circuit fault is extended to 1.4 seconds, the simulation time is 1.6 seconds, and the remaining parameters are unchanged. Fig. 6 shows the neutral zero-sequence current and overvoltage variation when a power frequency impedance of 0.05 and 1.0 capacitors is added. Part of the results are shown in Table 1 . As shown in Fig. 6 , as the impedance of the capacitor increases, the positive and negative peaks of the current are substantially equal. When connected to a 0.05 impedance capacitor, the system's steady-state positive and negative peak currents are 4.980 kA and −4.980 kA. Simultaneously, when connected to a 1 impedance capacitor, the value are 4.901 kV and −4.899 kA. This indicates that the size of the capacitor is independent of the bias current suppression effect and only affects the zero-sequence current amplitude.
Moreover, comparison between Fig. 6 (c) and Fig. 6 (d) shows that before reaching a steady state, the fluctuation of overvoltage is in positive correlation with the capacity of capacitor. This means that larger capacity can result in smaller amplitude fluctuations, i.e. less influence to system. When the capacitor of 1 is connected, the maximum value of the current 5.567 kA, which is 200 A lower than the effective value of the zero-sequence current without the capacitor. And this is reduced by 3.5%, within the reliability range of the system protection action. The peak value of the voltage is 33.72 kV, which also has a large margin from the standard value of 85 kV. Combined with Table 1 , after comprehensive analysis, it can be considered that any size capacitor between 0.05 and 1.0 meets the protection requirements. However, taking economy into consideration, 0.5 capacitor could be a better choice in practice, since it also has change of current and voltage meeting the limits, while costs less.
In summary, a 2 to 3 resistor and a 0.5 capacitor should be selected as the protection configuration.
C. DETERMINING IMPLEMENTATION STRATEGY OF DC SUPPRESSION IN POWER GRID
The distribution of DC in transformers' system can be simply described as shown Fig. 7 , where the current I mainly depends on both the topology of system and the electric potential at the ground points.
Supposed there are n substations and b branches in this transformers system, so the vector quantity of electric potential and current in neural points could be expressed as
where U b and I b are the vector quantity of branch currents and voltages, B is a (b × n) square. For branches
where G b is the branch admittance matrix of (b × b). Substitute (6) (8) into (7), we can get
Supposing that U n is determined, according to (11) , the distribution of I n only relates to the structure of grid. When one or more transformers are operated in parallel in a substation, as a result all neutral point of the transformers will be grounded simultaneously, so the current flowing through this substation will be equally distributed across all the transformers, which means it can reduce the bias risk for each transformer but bring higher cost in protection. In addition, if the earth resistivity is defined, the electric potential in each neutral point will present a trend in linear increase or decrease with the distance change as shown in Fig. 7 . Therefore, in general we can say the closer the substation is to the HVDC grounding electrode, the higher the electric potential will have, and the potential difference in neutral points will be obvious when it is connected to another relative far transformer systems, so the DC in this loop will be more serious. However, to make the situation mentioned above happen, the two substations' distances to grounding electrode shall be significantly different. Otherwise, there will be no significant potential difference between the two and there will be no large current in the loop.
Based on the analysis above, we propose the implementation strategy as follows:
Step 1: According to the DC limits of 12 A and 8 A, give priority to the substations that are in most serious bias risk and more branches to manage.
Step 2: Based on the results in step 1, give priority protection to the substations that having least parallel transformers to reduce the protection cost.
Step 3: After installing resistor devices, observe whether the neutral point DC of the station is within the threshold. If yes, calculate whether the equivalent bias current is lower than 4 A. If the current limit is reached, the subsequent treatment is performed; otherwise, replace the resistor with a capacitor for calculation and analysis. If the bias current of the station still cannot be suppressed, keep the station connected to the device, and select the substation(s) has(have) directly connection to install the suppression device.
Step 4: In order to miss no protection, every protection choice for the substation needs to follow the order mentioned above, till all substations in bias risk are in protection.
IV. VERIFICATION OF THE PROTECTION METHODS
Combined literature [23] , We established an AC power grid model as the test subject. The model is based on the actual AC system of Gansu Province, China, which is connected to the Jiuquan-Hunan ±800 kV UHVDC lines. The system includes 15 important substations and the connection frame is shown in Fig. 8 . In the model, the DC resistance of the transmission line is equivalent, the multi-circuit line is processed according to the parallel relationship, and the three-winding autotransformer is replaced by the winding DC resistance. Since there is no direct electrical connection between the low voltage winding and the high voltage and medium voltage windings, no direct current is passed, and it is ignored when equivalent. Considering the nature of the loess in Gansu, when the soil model is established, the resistivity correction is performed on the basis of the classical earth model, and the potential distribution of each substation is obtained by numerical calculation. Bring the obtained values into the grid model to calculate the current distribution [24] - [26] . Table 2 shows the soil distribution parameters used.
To verify the model, field measurements were carried out in the actual system. We used DC bias monitoring instrument to detect the current in neutral points. The current direction flowing from transformer to the earth was defined as '+', and the wiring diagram is shown in Fig. 9(a) and Fig. 9(b) . Due to experimental setting limits, we were only able to verify the effectiveness of the model with 1500 A ground current. Then using the model by numerical simulation, we calculated the most severe situation, namely 5000 A ground current when the system operating at full power. In this case, when there is 5000 A DC flows into the grounding electrode, more than 60% of the substations' transformers have current exceed the limit. The simulation and measured data pairs are shown in Table 3 .
It can be seen from Table 3 that the simulation results show the same change law and trend as the field measured data, and the error rate is basically below 10%. The average error rate of simulation results and measured values of Blongji, Ganxi, Gandong and Jiuquan, which are farther away from the grounding electrode, is relatively large. The reason for the error is that the base of the neutral point measurement current of these power stations is itself small, and these currents are within the governance threshold and do not exceed the load carrying capacity of the transformer. Therefore, these power stations are not the main protection targets of DC bias, and will not cause misjudgment during governance.
Based on the protection strategy proposed in this paper, it is determined that 9 substations shall be protected with setup shown in Table 4 , where 5 substations use resistors devices and 4 use capacitor devices. Further calculation of equivalent bias current I eff shows that the DCs in all transformers are in good control.
According to Table 4 , after taking corresponding measures for each substation, the global DC bias current of the power grid is reduced from 708.8 A to 21.3 A, and the suppression rate is over 90%. It can also be seen that the DC current in the winding is also suppressed to an acceptable range when observing the equivalent bias current I eff . Compared with the single-capacitor resistance straightening method, after a reasonable protection configuration strategy, this method effectively improves the resource utilization based on the DC offset protection effect.
V. CONCLUSION
This paper propose a feasible RC combined method along with an implementation strategy to protect the AC system of Jiuquan-Hunan ±800 kV UHVDC transmission lines from DC bias. With the proposed strategy of 4 steps, a protection scheme was obtained for the 15 substation AC system connected to the UHVDC lines. Numerical simulation of the system operating in full power shows that the proposed method is effective in DC bias control for this DC-AC system operating with the highest voltage up to now.
